Introduction

58
Sensory neuroprostheses offer the promise of restoring perceptual function to people 59 with impaired sensation 1,2 . In such devices, diminished sensory modalities (e.g., hearing 3 , 60 vision 4,5 , or cutaneous touch [6] [7] [8] ) are reenacted through streams of artificial input to the nervous 61 system, typically using electrical stimulation of nerve fibers in the periphery or neurons in the 62 central nervous system. Restored cutaneous touch, in particular, would be of great benefit for 63 the users of upper-limb prostheses, who place a high priority on the ability to perform functions 64 without the necessity to constantly engage visual attention 9 . This could be achieved through the 65 addition of artificial somatosensory channels to the prosthetic device 1 . Such an approach would 66 endow persons suffering from limb loss [10] [11] [12] , paralysis 1,13 or somatosensory deficits with the 67 ability to perform active tactile exploration of their physical environment and aid in dexterous 68 object manipulation [14] [15] [16] [17] .
69
Previously we demonstrated that motor and sensory functions could be simultaneously 70 enacted though a bidirectional neuroprosthetic system, called a brain-machine-brain interface
71
(BMBI) 18 . In that demonstration, the active exploration enabled by our BMBI-driven 
77
Normal haptic exploration of objects involves several stereotypic procedures, such as 78 static contact for temperature sensation, holding for weight, enclosure for gross shape, pressure 79 for hardness, contour following for exact shape and lateral fingertip motion for texture 19 . Here
80
we developed a neuroprosthetic paradigm for restoring the sensation of fingertip motion against 81 texture. We hypothesized that ICMS pulses generated by exploratory movements over virtual
82
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84
Results
85
Active texture encoding
86
Two rhesus monkeys (monkey M and monkey N) were chronically implanted with 87 multielectrode cortical arrays 18 ( Supplementary Fig. S1 ). These animals explored virtual objects 88 on a computer screen using a realistic upper-limb avatar ( Supplementary Fig. S2 ), which they 89 operated manually with a joystick (Fig.1a) or using a BMI. On each trial, a pair of rectangles 
96
(f = 0 ridges/cm) was also presented on some trials.
97
The behavioral task required the monkeys to probe the rectangles with the avatar's 98 fingertip, determine which of the two had a higher f, and to hold the avatar over that object for 99 the required interval, 2 s in most cases (Fig. 1b) . The artificial sensation was encoded by 100 delivering a charge-balanced ICMS pulse each time the avatar fingertip crossed a ridge in a 101 grating. Thus, the pulse-trains of ICMS delivered on any given trial provided an artificial signal 102 that depended on the interplay between the movements of the avatar and the f of the textures of 103 the explored objects (Supplementary Movie S1). Movements at a constant velocity across a 104 grating with a given f produced an ICMS pulse train with a constant temporal pulse rate (Fig.   105   2a ). Movements at a faster velocity across the same grating produced a pulse train with a 106 correspondingly higher pulse rate (Fig. 2b) . Irregular movements produced temporally varying
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117
Active texture discrimination
118
Both monkeys learned the task rapidly, reaching high-performance levels (71% of 119 correct trials for monkey N, and 73% for monkey M) after 10 daily sessions of training ( that is, steeper for the larger sum for the two objects being compared (Fig. 4a,b) .
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137
proportionally to f (Fig. 4c) 
152
This variability in arm movements was sufficiently large that, in some cases, the 153 ordinality of spatial frequency of the textures was different from the ordinality of the ICMS pulses
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rates. An example of one of these apparently paradoxical trials is given in Figure 5c . was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
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We found many of these apparently paradoxical trials (n=1231, 12% of all trials) for 161 monkey N. The majority of these cases corresponded to frequency pairs with high FR+FL (Fig.   162   S5 ). Monkey N's success rate was significantly above chance for these trials (56.1%, P<0.001,
163
one-tailed binomial test; Fig. 5d ). There were fewer of these trials for monkey M (n=329, 6% of 
181
Discussion
182
We have demonstrated a novel encoding strategy for texture representation using ICMS 183 pulses in somatosensory cortex. Using this new approach, two animals were able to
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215
In our experiment, monkey N was superior to monkey M in perceiving small differences 216 of texture coarseness. While it is possible that this difference was due to a better 217 comprehension of the task by monkey N, it could also reflect the fact that the stimulation region 218 for monkey N was in the leg area while for monkey M it was in the receptive fields of the same 219 arm used to control the joystick. Therefore, it is possible that interference between feedback 220 from natural somatosensory pathways (hand touching the joystick, proprioception) and S1 ICMS 
to conclusively determine if this is the case or if there is in fact an extra degree of freedom that 237 can be used to convey clinically relevant prosthetic sensations.
238
Finally, we demonstrated that our encoding strategy could be integrated within a closed-239 loop BMBI task. While the overall performance of the monkey for the BMBI task was lower than 240 during arm-control, the monkey was still able to discriminate the artificial textures. This, along 241 with the simplicity of our ICMS encoding, suggests that this approach could be used to equip 
253
These arrays covered both M1 and S1; only microwires implanted in S1 were used for delivering 
257
The separation between electrode triplets was 1 mm. The electrodes in each triplet had three 
274
Vertical square-wave gratings were superimposed on each of the objects. These 275 gratings, which were not visible to the monkeys, were aligned on the center of each object and
276
were parameterized by spatial frequency, f. When the index finger of the avatar crossed a single 277 ridge in a grating, a pulse of ICMS was delivered to a pair of electrodes implanted in S1 cortex.
278
In this way, the pattern of ICMS delivered depended on the velocity of the avatar and the 279 intrinsic spatial frequency of each grating. The microstimulator was serviced at 100 Hz, which 280 meant that for sufficiently fast velocities or high spatial frequencies, it could be possible that was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
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The objects could be explored in any sequence. Moreover, objects could be re-explored 303 and re-compared multiple times in a trial. However, the avatar had to pass over both objects at 304 least once per trial. Trials for which only a single object was explored were terminated without 305 reward, even if the correct object was ultimately selected. Trials for which the monkey released 306 the joystick handle at any time, selected the wrong object, made a selection without exploring 307 both objects, or held the avatar outside of either of the objects for 10 s, resulted in the 308 termination of a trial and penalty interval of 2 s for monkey M and 2.5 s for monkey N.
309
We employed correction trials. This meant that after an incorrect trial, the next one 310 repeated with the same object locations and object-frequency identities. These correction trials 311 were used to keep the monkeys motivated and to prevent them from acquiring systematic
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315
BMI decoding
316
A 10th-order Unscented Kalman filter (UKF) was used for BMI predictions, using 317 methods we previously described 18, 44 . The filter parameters were fit using the hand movements 318 made while the task was performed using a joystick. The monkey was permitted to continue 319 moving the joystick, but was only rewarded for target selections made with the brain-controlled 320 cursor.
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Figure Legends
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